Using molecular-dynamics simulations we demonstrate the existence of heat-pulse rectification in carbon nanotube Y junctions. The heat pulse is found to propagate unimpeded from stem to branches, while in the reverse direction there is a substantial reflection back into the branches with significantly reduced transmission. Based on this we discuss the implications for phonon rectification applications for these junctions.
I. INTRODUCTION
Any useful transport applications of new generation of novel molecular materials require controllable anisotropic conducting behavior. Multiterminal junctions of carbon nanotubes ͑CNTs͒ constitute one such material with tremendous potential. Electronic current rectification in CNT Y junctions has been demonstrated both experimentally 1,2 and theoretically. 3, 4 The rectification was shown to be a consequence of symmetry and chirality of the CNTs forming the "stems" and "branches" of the Y junctions. 4 The possibility of transmission, reflection, and rectification of collective mechanical vibrational waves or phonons in nanotubes or nanotube-based materials could similarly give rise to next generation of devices for miniaturized thermal, infrared, and radio-wave applications. For example, very recently experimentalists have reported a breakthrough in controlling field emission in nanotubes by a selective transmission of radio waves. 5 As a result, the key functions of a radio have now been radically miniaturized using the mechanical vibration of a single carbon nanotube. Furthermore, by adjusting the length of the nanotube, they were able to control the frequency of the radio signal that could be received. Using heatpulse propagation through carbon nanotube Y junctions, we show that rectification of selective mechanical vibrational waves is possible in these nanoscale material structures. Hence, these could be used for selective phonon or mechanical vibration filtration or transport application.
For thermal transport, under steady state, it is well known that CNTs exhibit very large axial thermal conductivity. [6] [7] [8] It should be noted, however, that vibrational phonon modes play dominant roles, both in steady state as well as in transient thermal transport processes. These modes could individually very well depend strongly on the presence of defects in the underlying graphene lattice structure. 8 In view of the rectification and switching behavior seen in the electrical transport through branched CNT junctions, a study of the propagation of phonons or thermal pulses through branched CNT junctions is of great interest since it may lead to thermal switching or logic devices of technological importance.
This could have useful applications in selective phonon transport and filtering for energy storage and reducing thermal noise in quantum computing. Interestingly, an experimental observation of thermal rectification in mass-loaded carbon and boron nitride nanotubes has very recently reported. 9 Theoretical works using nonequilibrium molecular dynamics ͑MD͒ have shown the existence of thermal rectification in straight CNT junctions 10 as well as in carbon nanohorns.
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In this work we report on MD simulations of heat-pulse transport in a branched CNT Y junction. Such junctions have been synthesized in template-based chemical vapor deposition ͑CVD͒ in a controlled manner. 1 The junction chosen consists of a zigzag ͑14,0͒ stem branching into two zigzag ͑7,0͒ tubes. Here we have used the chiral notation for nanotubes.
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II. COMPUTATIONAL DETAILS
The MD simulations are performed using the Brenner bond order potential which has been shown to describe the thermal properties in carbon systems well. 13 The lengths of the stem and of the branches of the CNT Y junction are chosen sufficiently large enough to monitor a clear transport of the heat pulse through the junction. The Y junction consisted of 11 092 atoms with a total length of 843.48 Å. The Y junction is partitioned into a number of slabs with each slab consisting of two CNT unit cells and within each slab the instantaneous kinetic temperature is calculated and averaged over 50 time steps ͑25 fs͒ ͑Ref. 14͒ to allow a clear heat-pulse transport signal through the junction. Noise in the data is further reduced by averaging the results over four trajectories starting from different initial conditions. The equations of motion were solved using a fourth-order Gear predictor-corrector algorithm with a time step of 0.5 fs. 15 The initial conditions of the system are obtained by assigning random velocities, with a Gaussian distribution centered at 1 K, to the atoms located at their 0 K equilibrium positions and letting the system equilibrated for a few thousand MD steps.
During the simulations, the outermost slabs of each of the stems and branches of the junctions are held fixed and the heat pulses are applied on the atoms next to these slabs. The heat pulse is simulated by a three-step process: ͑1͒ during the first 0.1 ps, the temperature of the atoms in the five unit cells ͑heat bath͒ is increased to 800 K and followed by ͑2͒ free equilibration of the system during the next 0.8 ps followed by ͑3͒ the quenching of the heated atoms to 100 K during the last 0.1 ps. The heating and quenching in steps ͑1͒ and ͑3͒, respectively, were applied through a rescaling of the atomic velocities on these first slabs. The total duration of the application of the heat pulse is, thus, 1 ps and the heat-pulse transport in both the forward, i.e., from stem to branches, and reverse, i.e., from branches to the stem, is studied. The evolution of the system was then followed for more 4 ps, so that the total length of each simulation was 5 ps.
The amount of heat transmitted and reflected in each case was quantified by defining transmission, absorption, and reflection coefficients ͑denoted by T, A, and R, respectively͒ in the following way:
The reflection coefficient is obtained by using the principle of conservation of energy,
The incident and transmitted signals correspond to the kinetic energy of the leading heat pulse some time before and some time after crossing the junction, respectively. The absorption signal is the energy that remains in the junction some time after the heat pulse has crossed it.
III. RESULTS
In this section we present our results for heat-pulse propagation in CNT Y junctions. Since the Y junctions are formed by the joining of three CNTs, chirality consideration lead to a large number of possible permutations. We, however, restrict our calculations to two symmetric Y junctions, namely, ͑14,0͒-͑7,0͒-͑7,0͒ and ͑10,10͒-͑5,5͒-͑5,5͒. The ͑14,0͒-͑7,0͒-͑7,0͒ Y junction ͑Fig. 1, left͒ consists of a ͑14,0͒ tube branching into two ͑7,0͒ tubes with an acute angle between them. This structure contains six heptagons clustered in the middle ͑shown in red͒ and no pentagons in an otherwise hexagonal arrangement of carbon atoms. The ͑10,10͒-͑5,5͒-͑5,5͒ Y junction ͑Fig. 1, right͒ also contains topological defects in the form of six heptagons and zero pentagons. However, some of these heptagonal defects extend into the branches.
The transient heat flow in the forward direction ͑stem to branches͒ for the CNT ͑14,0͒-͑7,0͒-͑7,0͒ Y junction is shown in Fig. 2 . As seen in the figure, there is a clear passage of the heat pulse in the forward direction. The heat-pulse signal maintains its peak structure after crossing the junction and suffers only a slight loss in intensity with 67% of the incident signal crossing the junction and 25% of it being absorbed at the junction. As the color coding shows, no heat-pulse residue is left in the stem; i.e., there is very little reflection.
In the reverse direction ͑shown in Fig. 3͒ , the heat pulse is originated at the branch ends and transmitted to the stem. The transmission coefficient drops to only 14% and about 40%-45% of the incident signal is either absorbed or reflected at the junction. The color coding clearly shows the residual heat pulse, i.e., substantial reflection back in the branches. These results show the existence of an anisotropy in pulsed thermal transport across a symmetric CNT Y junction similar to that found typically in the electronic transport devices based on CNT Y junctions.
3 Figure 4 ͑top and bottom panels͒ quantifies the main results obtained for the transient heat-pulse transport or propagation along the ͑14,0͒-͑7,0͒-͑7,0͒ Y junction. The absorbed signal was calculated as the integral of the instantaneous kinetic-energy curve between 100 and 300 Å at t =1 ps ͑see upper panel͒. The transmitted signal was estimated as the sum of areas under the two branch curves between 600 and 800 Å at t = 3.5 ps and the absorbed signal was estimated as the area under the region of the junction ͑estimated to be the region between 350 and 450 Å͒ at t = 3.5 ps. Note that, while the definition of coefficients T, A, and R is somewhat arbitrary, the focus of the present calculations is to investigate whether or not the heat is transmitted through the junction, rather than giving accurate estimates of the heat passage. As can be seen in Fig.  4 ͑top͒, as well as in Fig. 2 , there is a clear passage of the heat pulse in the forward direction. Similarly, Fig. 4 ͑bottom͒ as in Fig. 3 shows reflection back in the branches.
The anisotropy found for the heat-pulse transport in the ͑14,0͒-͑7,0͒-͑7,0͒ Y junction case contrasts with recent results of thermal transport across Y junctions under steadystate conditions, which showed no anisotropy in the thermal conductivity across the ͑14,0͒-͑7,0͒-͑7,0͒ Y junction. 16 This is not surprising because the thermal transport under steadystate conditions, for thermal conductivity, can have long-time contributions from not only the leading phonon modes but also the contributions from the second-sound wave and the diffusive components. The diffusive thermal transport, dominated by multiple phonon-phonon scattering events, is not expected to be dependent on the nature of the junction and the underlying lattice structure. In the transient heat-pulse transport described here, the leading edge transport phenomenon is determined by the nature and propagation of discrete phonon modes and not overwhelmed by the long-time contributions from the diffusive components.
To test the validity of the above explanation, and to gather insight on the mechanism of anisotropic transient thermal transport across the zigzag ͑14,0͒-͑7,0͒-͑7,0͒ Y junction, the excited primary vibrational modes along the axial, radial, and azimuthal directions are investigated via the behavior of the corresponding vibrational amplitudes during the passage of the propagating heat pulse. To compute the timedependent behavior of the radial and longitudinal meansquare vibrational amplitudes, defined as
where the subscript ␣ stands for the radial or axial direction, one slab each in the stem, the junction, and in the two branches, consisting of five unit cells are monitored. r i␣ are the radial and axial components of the atomic positions in a cylindrical coordinate system. The angular brackets denote time average. The vibrational amplitudes, time averaged over 40 steps ͑0.02 ps͒, are computed as the heat pulse traverses the monitored regions. Figure 5 shows the variation of the axial mean-square vibrational amplitudes with time when the heat pulse is traveling along the ͑14,0͒-͑7,0͒-͑7,0͒ Y junctions. As seen in the figure, the longitudinal vibrational component of the wave packet in the forward direction suffers relatively very low reflection and some absorption and scattering at the junction. The transmitted component preserves the shape with a very small loss of magnitude. In the reverse direction, however, reflection, scattering, and absorption are very strong at the junction position. The transmitted component significantly loses both its shape and magnitude during the propagation through the junction. The time-dependent behavior of the axial vibrational amplitude, qualitatively representing the transport via axial vibrational modes, is therefore anisotropic in nature with a facile transmission in the forward and significant reflection and absorption in the reverse direction. The radial amplitudes show significant reflection and absorption at the junction equally in the forward and reverse directions, as shown in Fig. 6 . The amplitude of the net transmit- ted radial modes is significantly reduced in both the forward and reverse directions of propagation, and the pulse transport via the radial and azimuthal components is, therefore, isotropic in nature. Vibrational amplitudes corresponding to azimuthal direction were computed and analyzed similarly to the radial and longitudinal amplitudes shown in Fig. 6 and show similar absorption and transmission as seen for radial amplitude in Fig. 6 . The anisotropy is thus clearly exhibited only for the longitudinal modes and not for the radial and azimuthal modes.
The simulations were repeated for an armchair ͑10,10͒-͑5,5͒-͑5,5͒ Y junction ͑Fig. 1͒. The initiated thermal pulse is able to traverse the junction in the forward and reverse directions with almost equal ease, i.e., no anisotropy was observed during the heat-pulse transport. The contrast between this and the ͑14,0͒-͑7,0͒-͑7,0͒ Y junction is illustrated in Table I where the values of the three coefficients T, A, and R are given. The results suggest that thermal pulse rectification may depend on the chirality of the stem and branches of the Y junctions. As pointed out earlier, the topological defects in the form of heptagonal rings have different placings with respect to the junction region for the two Y junctions and this could influence the propagation of the heat pulse differently.
In summary, our results show that the transient heat-pulse transport along a symmetric zigzag Y junction is anisotropic in nature, and the anisotropy can be primarily attributed to the thermal transport due to the axial vibrational modes and not due to the radial modes. The observed anisotropy is very similar to the case of electronic transport in symmetric Y junctions, where a dependency on the underlying lattice structure was found. These findings have important implications in the device application of CNTs. By fabricating CNT Y junctions appropriately, heat pulses can be selectively transmitted in a given direction and blocked in other directions. This shows that carbon nanotube Y junctions can be used for designing and fabricating nanoscale phonon or thermal pulse switching and logic devices in the future. FIG. 6. ͑Color online͒ Time evolution of the radial vibrational amplitude during a heat-pulse propagation in the ͑14,0͒-͑7,0͒-͑7,0͒ Y junction in the forward ͑upper panel͒ and backward ͑lower panel͒ directions. Black and red ͑dark gray͒ lines show the different behaviors of the two branches. The amplitudes show significant reflection and absorption at the junction equally in the forward and reverse directions. Furthermore, the amplitude of the net transmitted radial modes is significantly reduced in both the forward and reverse directions of propagation, indicating that the pulse transport via the radial components is isotropic in nature.
